Zinc oxide (ZnO) has been considered as one of the most promising candidates for application in ultraviolet optoelectronic devices, such as light-emitting devices (LEDs), laser diodes, and photodetectors [1, 2] . It is accepted that the largest hurdle that hinders the above-mentioned applications lies in the fact that reproducible p-type doping of ZnO is still absent. Nitrogen has been considered as one promising p-type dopant of ZnO for its similar ionic radius to oxygen [3] , and it has been a successful p-type dopant for ZnSe and enabled LEDs and laser diodes [4, 5] . Although some groups have realized ZnO-based p-n homojunction LEDs by employing nitrogen as a dopant [6] [7] [8] , the reproducibility of p-type ZnO is still far below expectations [9] . Lithium (Li) is another possible p-type dopant for ZnO [10] . However, interstitial Li (Li i ) donors tend to form in ZnO, which will compensate Li-substituted Zn (Li Zn ) acceptors drastically, so that Li-doped ZnO usually has very high resistivity [11] . The above facts make it difficult to obtain p-type ZnO employing a Li single-acceptor dopant. Although some reports demonstrated the realization of p-ZnO using Li-N as a dual-acceptor dopant [12] [13] [14] [15] , none of them demonstrated electroluminescence (EL) from their structures.
In this Letter, on the basis of obtaining high-quality ZnO films with low residual electron concentration, by employing Li-N as a dual-acceptor dopant, reproducible p-type doping of ZnO films has been obtained, and p-i-n structured LEDs have been realized. Obvious purple emissions were observed from the LEDs under the injection of continuous current.
The growth of the ZnO films was carried out using a VG V80H plasma-assisted molecular beam epitaxy technique. After obtaining high-quality ZnO films [16] , p-type doping of ZnO films has been carried out by employing nitric oxide (NO) gas (6N) as N and O sources, and metallic zinc (6N) and metallic lithium (5N) as Zn and Li sources. Since the doping concentration of nitrogen is greatly dependent on the growth temperature [17] , the substrate temperature was kept at 750°C, the chamber pressure at 10 −5 Torr, and the NO flow at 0:80 SCCM (SCCM denotes cubic centimeters per minute at standard temperature and pressure during the doping process). The electrical properties of the films were measured in a Hall system (LakeShore 7707) under a van der Pauw configuration. The structural properties of the films were characterized by a Bruker-D8 Discover x-ray diffractometer with Cu K α radiation (λ ¼ 0:154 nm) as the excitation source. The chemical bonding state in the ZnO films was determined using an x-ray photoelectron spectroscope (XPS, VG Escalab MK-II). The EL spectra of the p-i-n structured LEDs were recorded in a spectrometer (SPEX 1404) under the drive of a continuous current source.
The Li-N dual-acceptor- The XPS spectra of the ZnO:(Li,N) films are shown in Fig. 1 , and the atomic percentages of Li and N in the ZnO: (Li,N) film determined from the XPS data are 1.55% and 0.197%, respectively. Although the raw data are noisy, three N 1s peaks can be observed at approximately 396:4, 400:0, and 402:8 eV, respectively, as shown in Fig. 1(a) . The peak at 400:0 eV is identical to the position of the sp2 C-N bonds (400:0 eV) [18] , which may come from the surface contaminants. The peak at 396:4 eV comes from the substituted N on O sites (N O ), and the peak at 402:8 eV from Li i -N O clusters [19] . As for the signals of Li 1s , two peaks at 55:2 and 52:9 eV can be observed, as shown in Fig. 1(b) . The peak at 55:2 eV is very close to the binding energy of Li in Li-N bonds (55:0 eV) and the binding energy of Li in Li-O bonds (55:6 eV) [20, 21] . Therefore, the incorporated Li may occupy Zn sites and bond with N and/or O in the ZnO:(Li,N) films. The peak at 52:9 eV can be attributed to Li i , because its position is in sharp agreement with the binding energy of Li-Li bonds (52:9 eV) [22] . The XPS data reveal that Li and N have been incorporated into the ZnO films, and two kinds of possible acceptors, Li Zn and N O , have been formed.
To identify the origin of the p-type conduction further, temperature-dependent Hall measurement on the ZnO: (Li,N) films has been performed, the results of which are shown in Fig. 2 . It is found that the hole concentration increases monotonically with temperature from 85 to 260 K. The acceptor activation energy E A can be derived from the following formula [23] :
where p is the hole concentration, k B is the Boltzmann constant, and T is the temperature. By fitting the experimental data using Eq. (1), an activation energy of about 80 meV can be yielded. This value is reasonably close to the activation energy of Li Zn acceptors obtained by theoretical calculation (∼90 meV) [10] . Therefore, Li Zn may be the main source for the p-type conduction of the ZnO:(Li,N) films. The existence of N O -Li i clusters reveals that the N O may passivate the Li i donors, and make the p-type doping possible [24] . A possible proof for the above deduction is that when ZnO film is doped with a Li single-acceptor dopant under the same conditions, the film shows high resistivity, possibly because of the strong compensation of the Li i donors to the Li Zn acceptors.
To test the applicability of the p-type ZnO films in optoelectronic devices, a p-i-n structured LED has been constructed, and the schematic illustration of the LED structure is shown in Fig. 3 . The electron concentration and mobility in the n-ZnO layer are 4:3 × 10 19 cm −3
and 31:0 cm 2 V −1 S −1 , respectively, and those of the undoped insulated ZnO (i-ZnO) layer are approximately 1:5 × 10 16 cm −3 and 28 cm 2 V −1 S −1 , respectively. After that, Li-N dual-acceptor-doped p-ZnO film was grown on the i-ZnO layer. The thicknesses of the three layers are 700, 50, and 150 nm, respectively. Au/Ni and indium metal were deposited onto the p-ZnO:(Li,N) layer and n-ZnO layer, acting as electrodes. The I-V curve of the structure is shown in Fig. 3(b) . Obvious rectifying behaviors with a turn-on voltage of approximately 8:5 V are observed from the curve. Note that both the I-V curves of the contacts on the p-type and n-type layers are beelines, as shown in the inset of Fig. 3(b) , revealing that both electrodes on n-type and p-type ZnO layers are ohmic contacts. The above facts indicate that the rectifying behaviors observed in the I-V curve of the p-i-n structure come from the junction area. Figure 4 (a) shows the 12 K EL spectrum of the p-i-n structure under the injection of 23 mA continuous current at 23 V forward bias. A dominant emission peak at around 425 nm can be observed. An obvious purple emission can be observed from the junction area of the structure, as indicated by the photograph shown in Fig. 4(b) . It is noteworthy that the LEDs show obvious emissions after being placed for about one month, and the total running time is in the order of tens of hours. Although the performance of the LEDs still needs improving, the dominant purple emission reveals that p-type ZnO films obtained via the Li-N dual-acceptor doping process are applicable in future optoelectronic devices. In summary, a reproducible route to p-type doping of ZnO by employing Li-N as a dual-acceptor dopant has been obtained, and p-i-n structured LEDs have been fabricated. A dominant purple emission has been observed from the LEDs. The reproducible p-type doping of ZnO reported in this Letter provides a feasible route to overcoming the largest hurdle that hinders the optoelectronic applications of ZnO and thus may represent a significant step toward future applications of ZnO in optoelectronic devices. 
